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ABSTRACT
SURFACE MODIFICATION OF TITANIUM FOR HARD-TISSUE ENGINEERING
APPLICATIONS
Murali Krishna Duvvuru, M.S.
Department of Mechanical Engineering
Northern Illinois University, 2018
Dr. Sahar Vahabzadeh, Director

Titanium (Ti) and its alloys are widely used in dental and orthopedic applications due to
their advantages such as biocompatibility, excellent corrosion resistance and mechanical properties
like low Young’s modulus, low density and high strength as compared to other metallic implants.
However, lack of interaction with host tissue (e.g. bioinertness), higher modulus of elasticity as
compared to that of bone and resultant stress shielding cause fibrous tissue formation around the
implant where the interaction with tissue is minimized. These will eventually cause the implant to
loosen and revision surgery is needed. Surface modification of Ti by increasing surface roughness
and/or incorporation of trace elements where cellular interaction is improved is a promising
technique to enhance the bioactivity.
Surface modification can be achieved through alkali treatment, acidic treatment, sol-gel,
and electrochemical anodization. Among these techniques, anodization has received significant
attention as it allows formation of uniform titanium nanotubes throughout the material. Although
this method is simple, low cost and controllable, modification of complicated geometries by this
method is a concern. On the other hand, alkali treatment method is available to increase the surface
roughness of metals with various geometries by formation of porous network structure. To further

increase the bioactivity of biomaterial and enhance the osteointegration, incorporation of trace
elements such as strontium (Sr), magnesium (Mg), silver (Ag) and iron (Fe) is beneficial.
The objective of this research is to optimize the anodization and alkali treatment
techniques along with Fe deposition using physical vapor deposition (PVD) method. Different
anodization conditions, alkali concentrations and Fe coating thicknesses were selected and their
effects on surface morphology were studied. Finally, the effects of surface modification alone or
in combination with Fe deposition on bone cell interaction was investigated.
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CHAPTER 1 INTRODUCTION
1.1

Metallic Implants

Research on metals as biomaterials for medical implants has been improving since the 19th
century when formerly metallic implants were mainly used for bone repair and fixation of long
bones. At present over 70 % of implant devices in medical fields including dentistry and over 95%
in orthopedics, still consist of metals [1]. Metallic implants have various applications ranging from
hard-tissue applications to cardiovascular applications. Hard tissues in the human body are shown
in Figure 1; these are commonly damaged due to accidents, aging and other reasons. Metallic
implants play a prominent role in the replacement of damaged hard tissues through surgery [2].
Implant devices such as bone plates, pins, screws, hip and knee implants, and tooth roots are
selected depending on the implantation site and function to be provided.
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Figure 1: Diagram of hard tissues in human body [2].

The metallic implants that could not be used for load-bearing applications due to inadequate
mechanical properties could be used in other applications, if they do not induce any toxicity to the
human body [3]. The success of the metallic implants not only depends on physical, chemical and
mechanical properties, but also interaction with the host tissue is important [4]. The necessary
characteristics that are required for long-term successes of the implant are [3]:
1. Excellent biocompatibility (non-toxic)
2. Suitable mechanical properties
3. High corrosion resistance
4. High wear resistance
5. Osseointegration (in the case of bone prosthetics)
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There are a vast number of metals and alloys that are being produced in industry but only a few
meet the above characteristics. The three metal groups that have been used in the medical field for
decades are stainless steel, cobalt-based alloys and titanium and titanium alloys [5].
Stainless Steel:
Steel is an alloy of iron, carbon and other elements like chromium, nickel, molybdenum or
manganese. Stainless steel is the general name used for different steels that are grouped according
to their chemical composition [6,7]. It is a successful implant material that has been in use in
medical fields for long time due to its availability, low cost, easy production and high strength.
316L is a widely accepted stainless steel alloy due to presence of alloying elements such as
chromium, nickel and molybdenum. Chromium in 316L steel forms an oxide layer on the surface
which resists corrosion, where nickel improves mechanical properties and molybdenum improves
resistance against pitting corrosion and prevents the chromium carbides formation [8–10]. Despite
the advantages of stainless steels there are issues with steels such as corrosion and low wear
resistance that result in release of toxic ions [11,12]. Due to these problems, stainless steels are
used for temporary applications where they are removed after healing process is completed.
Cobalt-Based Alloys:
Co-based alloys were first used in dentistry before making their way into orthopedics.
CoCrMo and CoNiCrMo alloys are the two types of Co-based alloys, where CoCrMo has been in
use for a long time in dentistry and artificial joints fabrication. CoNiCrMo alloy is a new implant
material used for load-bearing applications such as hip and knee stems [13]. Co-based alloys have
better mechanical properties compared to the stainless steels, especially high corrosion resistance
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which make them suitable material for numerous medical applications [14,15], yet these alloys are
limited to temporary applications due to several problems. The major failure of these alloys is due
to fretting and fatigue corrosion, formation of wear debris which leads to release of toxic elements
such as Co, Cr, and Ni [16]. In addition to the above problems, these alloys are more expensive
than stainless steel [6].
Titanium and Titanium Alloys:
Titanium and titanium alloys gained a lot of attention as successful biomaterials in the
medical field as they provide the combination of mechanical properties, excellent corrosion
resistance and biocompatibility compared to other biomaterials. The excellent biocompatibility
and corrosion resistance of titanium and its alloys are due to their ability to form a protective oxide
layer on the surface [17]. The mechanical properties of titanium and its alloys compared to stainless
steel, CoCrMo, and bone are shown in Table 1.
Table 1: Mechanical properties of metallic materials and bone [18,19].

Materials

Density
(kg/m3)

Young’s Modulus
E (GPa)

Yield strength
YS (MPa)

Ultimate tensile
strength
UTS (MPa)

Stainless Steel
316 L
CoCrMo

7800

200

170-750

465 – 950

8500

200 – 230

275-1585

600 – 1795

Cp – Ti

4200

105

692

785

Ti-6Al-4V

4500

110

850-900

960 – 970

Bone

1900

10-40

-

90 – 140
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Titanium and its alloys are most suitable biomaterials compared to stainless steel and Cobased alloys due to their high specific strength and low Young’s modulus. The specific strength is
defined as ratio between strength and density; this results in fabrication of implants with high
strength that are light weight. The low Young’s modulus of titanium and its alloys is the major
advantage over stainless steel and Co-based alloys. The low Young’s modulus is desirable to
reduce stress-shielding effect. Stress-shielding effect is mechanical mismatch between bone and
implant material [20,21]. Young’s modulus of the bone is in the range of 10-40 GPa, but the present
biomaterials have higher Young’s modulus than bone. Bone regenerates when subjected to loading
or stress, but the loading on the bone is reduced by a biomaterial with high Young’s modulus
compared to bone. This leads to insufficient stress transfer that results in implant loosening and
failure [22–24]. To avoid implant loosening, the biomaterial should have low Young’s modulus
and high strength.
Titanium and its alloys are the dominant biomaterials in dental and orthopedic applications
as they have properties that match best. In addition to all the above characteristics, surface
properties of implants are an important factor to be considered. All the biological interactions of
the implant with host tissue depends on the surface of the implant material. Modifying the surface
with suitable surface modification methods can also help to overcome low wear and abrasion
resistance of titanium and its alloys with increase in biological interactions [5].
1.2

Need for Surface Modification

The major concern with titanium implants and reason for their failure in long-term usage is
its bioinert nature. Titanium and its alloys are biocompatible and have excellent corrosion
resistance and suitable mechanical properties, but they do not interact with the host or surrounding
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tissue when implanted in the body [25]. Due to this behavior, a fibrous capsule is formed between
implant and host tissue. Fibrous encapsulation is a natural inflammatory response that occurs
during healing process to protect the body from foreign objects [26–29] . After the initiation of
inflammatory response, there are various stages before the formation of fibrosis/fibrous capsule
(Figure 2) [27,29].

Figure 2: Stages involved in the inflammatory responses leading to fibrous capsule formation [27,29].

The initial acute inflammation will always be present when a biomaterial is implanted into
the body and lasts from a few hours to days. At this phase, neutrophils (a type of immune cells)
are the first cells arrive at the implantation site [30]. The chronic inflammation phase starts when
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the neutrophils are unable to phagocytose the implant, then other immune cells monocytes and
lymphocytes are recruited [27,31]. The monocytes differentiate into macrophages and continue the
phagocytosis of the implant. If the implant is not degraded, then the mononuclear macrophages
combine and form a large multinucleated cell known as foreign body giant cells (FBGC). The
FBGC and the fibroblast trigger the formation of granulation tissue on the surface of the implant
[29,32]. When the granulation tissue matures over time, the implant material is isolated by the
formation of fibrous encapsulation (Figure 3).

Figure 3: (a) Hip replacement, (b) Fibrous capsule formation [33].

The fibrous capsule surrounding the implant is not desirable and leads to aseptic loosening
of the implant. The loosening causes instability of the implant and severe pain for patients. A
revision surgery is required to overcome the above problem and replace the failed implant with
the new one, but revision surgeries are expensive and have further complications. There is an
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expected increase in total hip and knee revision surgeries by 2030, are 137 % and 601 %
respectively, and parallel to revision surgeries, the primary total hip and knee replacement
surgeries are estimated to grow to 572,000 and 3.48 million respectively by 2030 [34].
Considering the problems with implants and revision surgeries, improvement of implants is
necessary to enhance the osseointegration of the implant and to reduce the implant failure [35].
The common technique in accomplishing the improvement is by modifying the surface of the
implant either morphologically and or by various coatings [36,37]. Surface modification is a
promising tool to increase the life of the implant by improving the surface roughness, wettability,
cell adhesion and proliferation which results in faster osseointegration and healing process [36].
Many efforts and research works have been conducted to improve implants by using surface
modification methods and achieve desirable surface properties.
1.3

Surface Modification Methods for Titanium and Its Alloys

Surface modification methods are necessary to improve the performance and bioactivity of
titanium and its alloys. Surface properties have a major role in enhancing the protein adsorption
and cellular interactions on the implant surface [38]. More importantly, the surface roughness of
titanium in nanometer scale can be produced by surface modification and it was reported that
nanoscale surfaces increases osteoblast cell adhesion and proliferation [39,40].
There are various surface modification methods for titanium and its alloys, including
mechanical, chemical and physical methods, to modify the surface morphology or to obtain
different coatings on the implant surface, as shown in Table 2 [2,41].
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Table 2: Surface modification methods for titanium and its alloys [2,41].

Surface modification
methods
Mechanical Methods
Machining
Grinding
Polishing
Chemical Methods
Acidic Treatment
Alkali Treatment
Hydrogen peroxide
Treatment
Anodic Oxidation
Or
Anodization
Sol – gel

Layer formed

Function

Rough or smooth surface

Improves adhesion;
Formation of specific surface
topographies

Surface oxide layer of <10 nm
Alkali titanate hydrogel of ~ 1
µm
A porous oxide layer of ~ 5 nm
TiO2 nanotubes layer of ~ 10
nm to 40 µm

Calcium phosphate, TiO2 and
Silica coating with a layer of ~
10 µm

Surface contamination and
oxide scales are removed
Enhanced Biocompatibility
and bioactivity
Enhanced Biocompatibility
and bioactivity
Enhanced Biocompatibility
and bioactivity; Improved
corrosion resistance; Control
over surface roughness
Enhanced Biocompatibility
and bioactivity

Physical Methods
Thermal spray
Flame spray
Plasma spray
Physical vapor Deposition
Evaporation
Ion Plating
Sputtering

TiO2, HA, Calcium silicate
coatings with a thickness of ~
30 to 200 µm
Different metal coatings, TiN,
TiC, diamond thin films of ~1
µm

Improved bioactivity, wear
and corrosion resistance.

Ion implantation and
deposition

Surface modified layer of ~1
µm

Improved biocompatibility,
wear and corrosion resistance
Modified surface composition

Improved bioactivity, wear
and corrosion resistance,
blood compatibility
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1.3.1

Anodization

It was reported that nanotube structures on titanium surface can be produced by different
methods such as sol-gel, hydrothermal and electrochemical anodization methods [42–46]. Among
these techniques, anodization has received significant attention as it allows the formation of
uniform titanium nanotubes throughout the material. It was shown that achieving the surface
roughness at a nanoscale level improves mechanical attachment to bone [47,48]. Fabrication of
TiO2 nanotubes on titanium using anodization in electrolyte containing chromic and hydrofluoric
acid was first reported by Zwilling et al.[49]. The general experimental setup to carry out the
anodization process is shown in Figure 4, which consists of electrolyte, power supply, titanium as
anode, and an electrode counter such as platinum or copper as cathode.

Figure 4: Electrochemical anodization experimental setup.
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Fabrication of titanium nanotubes in fluorine-based electrolytes is due to the combination
of two simultaneous processes: field-assisted oxidation and chemical dissolution [50,51]. The first
step is the formation of titanium oxide layer on the surface and the reactions are as follows [51]:
Ti + 2 H2O → TiO2 + 4 H+ + 4 e-

(1)

Once the initial oxide layer is formed, the further growth of oxide layer is influenced by the applied
electric field, O2- and Ti4+ ions. The thickness of the oxide layer formed depends on the applied
voltage [50]. The second step is the chemical dissolution of the TiO2 layer in the presence of
fluoride ions forming small pits in the oxide layer. The reaction for chemical dissolution is shown
below [51].
TiO2 + 6F- + 4H+ → [TiF6]2- + 2 H2O

(2)

These small pits penetrate the oxide layer and grow larger and longer, forming nanopores.
However, for these nanopores to develop into nanotubes, a steady-state situation should be reached
between formation and dissolution of the oxide layer [52]. This can be achieved in the presence of
optimized concentration of fluoride ions. When the fluoride ions are not present in electrolyte, a
compact oxide layer is formed. In the case of high fluoride concentration, no oxide layer will be
formed. The fluoride concentration to achieve a well-formed nanotube is in the range of 0.05 – 0.5
wt% [53]. The mechanism of the formation of TiO2 nanotubes is shown in Figure 5.
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Figure 5: Mechanism of TiO2 nanotube formation.

The morphology and geometry of the titanium nanotubes can be altered by various
anodization parameters such as voltage, anodization time and electrolyte composition. The
diameter of the nanotubes is linearly dependent with the applied voltage [54]. Similarly, with
increase in the anodization time, length of the nanotubes increases to the point where steady state
is reached and then no further growth is observed. Electrolyte composition is one of the most
important parameters that affect length, diameter and uniformity of the nanotubes [52].
The nanotubes with the diameter from 10 – 100 nm can be achieved when a voltage of 5 –
25 V is applied in an aqueous electrolyte [53]. The nanotubes are replaced by porous structure at
higher voltages and nanopores are formed when lower voltages are applied [55]. In the aqueous
electrolyte containing HF, the length of the nanotubes is shorter, and their anodization time is
reduced. This can be explained by high chemical dissolution rate in the acidic electrolyte. The
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length of nanotubes formed is usually less than 500 nm [56]. The length of nanotubes can be
increased by reducing the chemical dissolution rate. Organic-based electrolytes such as ethylene
glycol or glycerol with fluoride sources, such as KF, NaF or NH4F, can be used to decrease the
dissolution rate and increase the length of nanotubes [56,57]. The length of nanotubes over 100
µm can be formed while the diameter still linearly depends on the applied voltage [53]. Uniformly
formed titanium nanotubes can be achieved with required length and diameter by controlling the
parameters.
Titanium nanotubes are the promising surface modification features for medical
applications. Several studies reported the efficiency of TiO2 nanotubular layer on in vitro cell
adhesion and proliferation, protein adsorption, and in vivo osseointegration [58–61]. The presence
of nanotubes not only enhances the surface roughness and hydrophilicity but also activates
angiogenic factors [58]. Influence of titanium nanotubes on mesenchymal stem cell (MSC)
proliferation and differentiation was investigated by Oh et al. and demonstrated that nanotube size
plays a role in controlling human mesenchymal stem cell (hMSC) differentiation toward an
osteoblast lineage [60]. Although anodization is simple, low cost and controllable, modification of
complicated geometries by this method is still a concern.
1.3.2

Alkali Treatment

Alkali treatment is a simple and cost-effective method that improves bone conductivity and
increases surface roughness of metals with various geometries by formation of bone like porous
network structure (Figure 6). Alkali treatment was first introduced by Kim et al. to improve
bioactivity of titanium and its alloys [62]. The alkali-treated samples are prepared by immersing
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substrates in 5-10 M of alkali solution such as NaOH or KOH at 60 °C for 1 – 24 hr, followed by
gentle wash with distilled water. After alkali treatment, a porous network structure is formed on
the surface due to the formation of alkali titanate hydrogel. However, it was reported that
subsequent heating is necessary to stabilize the alkali titanate layer, improve film-surface adhesion
and increase the bone-bonding ability [63].

Figure 6: Porous network structure [64].

The reactions that occur during surface modification of titanium by alkali and heat
treatment are shown below. The hydroxyl groups present in the alkali solution partially dissolves
the TiO2 layer and hydration of titanium [62].
TiO2 + OH- → HTiO3-

(3)
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Ti + 3OH- → Ti(OH)3+ + 4e-

(4)

Ti(OH)3+ + e- → TiO2.H2O + 0.5H2 ↑

(5)

Ti(OH)3+ + OH- ↔ Ti(OH)4

(6)

The following negatively charged hydrates are produced when the hydrated titanium is further
attacked by hydroxyl ions.
TiO2.nH2O + OH- ↔ HTiO3- . nH2O

(7)

These negatively charged ions react with alkali ions and form alkali titanate hydrogel. Subsequent
heat treatment at 600 °C dehydrates the hydrogel and a stable amorphous alkali titanate layer is
formed [63]. Both alkali-treated (AT) and alkali-heat-treated (AHT) titanium samples were
considered bioactive because of the formation of an apatite layer on the surface when soaked in
simulated body fluid (SBF) [65]. However, Nishiguchi et al. after in vivo implantation found that
AHT titanium bonded to bone and presented high performance in mechanical tests compared to
untreated and AT [66]. Studies have shown that alkali-heat-treated titanium increases osteoblast
cell adhesion and proliferation and in vivo bone bonding ability [67–69].
1.3.3

Physical Vapor Deposition (PVD)

Coatings deposited on the surface of titanium using physical vapor deposition (PVD)
process are more reliable, faster and environmental friendly [70]. Several studies have shown the
efficiency of PVD coatings in medical applications [71–73]. PVD process can be explained as in
high-vacuum environment, the target material is vaporized to form atoms, molecules or ions which
are then deposited on the surface of the substrate as a film. A variety of materials such as metals,
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ceramics and semiconductors can be deposited by PVD processes [74–76]. The thickness of the
coatings achieved by PVD ranges from a few nanometers to micrometers. The advantages of PVD
processes are control over deposition rate and thickness and can be used for singe or multilayer
coatings [77,78].
Physical vapor deposition is the general name used to represent the various coating
methods which follow the common process that is vaporization of target material and its
subsequent deposition on the substrates [76]. The most frequently used PVD techniques are
sputtering, ion plating and electron beam evaporation.
Sputtering:
Sputtering is a non-thermal evaporation process where the atoms or molecules of the target
materials are ejected in vacuum environment by the bombardment of energetic gaseous ions
(Figure 7)[79]. These ejected particles are transported towards the substrate, condensate and finally
form a film on the surface. Sputtering processes are carried out in low-pressure environment to
reduce the chance of collision between the sputtered atoms and gaseous atoms [76]. There are
different types of sputtering techniques, for example, radiofrequency sputtering, ion-beam
sputtering and magnetron sputtering. Sputtering coatings on implant surfaces have shown
improvements in bioactivity, wear and corrosion resistance [2,79].
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Figure 7: Diagram of sputtering system [80].

Ion Plating:
Ion plating is a process where the target material is evaporated by an electric arc or plasma
arc and the vapor produced is forced onto the substrate to form an ionized coating (Figure 8) [2].
It is possible to deposit different compounds on the surface of the substrate through ion plating.
The coatings formed by ion plating have high hardness, durability, corrosion and wear resistance
[81]. Ion plating was first used by Mitamra et al. to coat TiN on titanium for heart valve [82].
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Figure 8: Diagram of ion plating method [81].

Electron-Beam Evaporation:
E-beam evaporation is a thermal evaporation process in which target material is evaporated
by bombarding it with electron beam from a charged filament (Figure 9) [76]. The vaporized target
material deposits on the surface of the substrate. An electron gun is used to focus the electron beam
on the material and the temperature could rise to 3000 °C, which is useful to evaporate the materials
with high melting points [81]. The advantages of this method are high material utilization, high
deposition rates, and control over morphology of the films that results in various applications such
as aerospace, tool and semiconductor industries. However, the filament degradation and coating
of inner surfaces of complex geometries is a concern with this method. The PVD method used in
this research is electron-beam evaporation method.
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Figure 9: Schematic diagram of e-beam evaporation [83].

1.4

Role of Dopants

Addition of dopants to biomaterials such as metals or ceramics can further enhance
osteointegration.
Iron (Fe):
Iron is a necessary element in the human body. It is present in many cellular enzymes and
hemoglobin. However, both excess and deficit levels of iron cause severe damage to the human
body. If iron is above 20 mg/kg of body mass, its considered to be toxic and is lethal if it’s over
60 nm/kg [84]. The deficiency causes anemia while large amounts can damage DNA, proteins and
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lipids, etc. [85]. It was reported that iron has both positive and negative effects on cancer cells.
S.Du. et al. showed iron could induce osteosarcoma cell death [86]. On the other hand, excess iron
can accelerate tumor initiation and growth [87]. It was shown that iron when doped in tricalcium
phosphates has stimulatory effect on proliferation and differentiation of osteoblast cells [88].
Magnesium (Mg):
Magnesium is an essential element in human metabolism and naturally found in bone
tissue. Mg helps in maintaining muscle and nerve function, keeps bones strong and is involved in
keeping immune system healthy [3]. It was reported that adding Mg in tricalcium phosphates slows
down osteoclastogenesis [89]. Mg has significant effect in increasing osteoblast adhesion when
added to a ceramic biomaterial [90]. Incorporation of Mg into TiO2 nanotubes can be used in
suppressing excessive inflammation and improving osteogenesis [91]. However, deficiency in Mg
causes osteoporosis, and excess can lead to muscle weakness, diarrhea and sleepiness [92].
Silver (Ag):
Silver is considered to be an antimicrobial element which shows toxic effect on some
bacteria, viruses and fungi [93]. Interest to use silver in biomedical applications has been
increasing due its germicidal effect that can kill many microorganisms. It was shown that silver is
neither genotoxic nor cytotoxic to fibroblast cells [94]. Interaction of silver-coated stainless steel
materials with human osteoblast cells has no toxic effect, but the same materials reduced bacterial
proliferation [95]. It was reported that Ag-doped TiO2 nanotubes showed cell attachment and
proliferation and had antibacterial activity against Pseudomonas aeuginosa [96].
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Zinc (Zn):
Zinc is also a trace element which is essential for many biological enzymes in the human
body. It influences the differentiation and resorption of osteoclast cells, which are needed for bone
remodeling [97]. It also has an inhibitory effect on osteoclastogenesis [98]. Zinc when coated on
the surface of titanium showed increased osteoblast cell proliferation [99]. However, if consumed
in excess amount, it is corrosive in nature and can damage cell lining in stomach [100].
1.5

Research Objectives

This research work is focused on surface modification of titanium using anodization, alkali
treatment, incorporating iron using physical vapor deposition, and investigating their effects on
surface morphology and mechanical properties and in vitro biological properties.
Objective 1: Bone marrow stromal cells interaction with titanium; effects of composition and
surface modification.
Different anodization conditions were used to fabricate TiO2 nanotubes on the surface of Cp-Ti
and Ti6Al4V. In addition, the effects of titanium composition and nanotube presence on their
interaction with BMSC and their inflammatory responses were investigated.
Objective 2: Physical, mechanical, and biological effects of doping TiO2 nanotubes with Fe
and effects of silver doping on nanotube morphology.
Incorporation of iron into nanotubes was achieved by physical vapor deposition (PVD). Different
coating thickness and their effect on surface morphology of nanotubes were studied. Interaction of
polished, anodized and Fe-doped nanotubes with osteosarcoma cells and their mechanical
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properties were investigated. Different anodization conditions were considered for doping silver
into nanotubes and to study their effects on surface morphology and concentration of silver.
Objective 3: Physical and mechanical effects of doping alkali-heat-treated samples with Fe.
PVD method was used to incorporate Fe into porous network structure formed by alkali heat
treatment. Various coating thickness and their effect on morphology were studied. In addition,
mechanical properties of polished, alkali-heat-treated (AHT) and Fe-doped AHT were studied.

CHAPTER 2 ANODIZATION
2.1

Introduction

The initial study was focused on optimizing different anodization conditions for Cp-Ti and
Ti6Al4V samples. The optimized conditions for the formation of nanotubes on Cp-Ti and Ti6Al4V
were referred as TiNT and Ti64NT respectively. Polished Cp-Ti (Ti) and Ti6Al4V (Ti64) along
with TiNT and Ti64NT were used to study the effects of titanium composition and nanotube
presence on their interaction with BMSC. In the next study, different doping methods were
investigated to dope iron into nanotubes and anodization was used to achieve silver-doped
nanotubes. Incorporation of Fe into TiO2 nanotubes using PVD was optimized by considering
various coating thicknesses and the optimized thickness is referred as Fe-TiNT. We investigated
the effects of different surface modification routes on surface morphology, surface roughness and
hardness of samples. Three different types of samples used were: polished Ti (Ti), anodized Ti
where a layer of TiO2 nanotubes were formed (TiNT), and Fe-deposited TiNT (Fe-TiNT). In
addition to nanoindentation and nanoscratch tests, the in vitro proliferation of osteosarcoma cells
(MG-63) was evaluated using MTT assay.
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2.2

2.2.1

Materials and Methods

Sample Preparation

2.2.1.1 Anodization Conditions

Grade 2 cp-Ti sheets were purchased from President Titanium (Hanson, MA). Ti-6Al-4V
samples were built by laser engineering net shaping (LENS) with laser power of 645 W and travel
speed of 60 inch/min. Cp-Ti and Ti-6Al-4V substrates with diameter of 11 mm and thickness of 2
mm were grinded using silicon carbide papers from 320 to 800 grits, followed by polishing using
a MasterTex polishing cloth. Samples were then cleaned in DI water and acetone and air dried.
The titanium anode and a platinum foil (Alfa Aesar) cathode were connected to a DC power supply
(Agilent E3612A) and suspended in a beaker containing the electrolyte with different compositions
as indicated in Table 3. After anodization, the samples were rinsed with DI water and air dried.
Table 3: Electrolytes and conditions for anodization process.

Condition Electrolyte
A
B
C
D

E

1 vol. % HF in DI water
1 vol. % HF in DI water
1 vol. % HF in DI water
1 vol. % HF, 0.5 wt. %
NH4F, 10 vol. % DI
water in Ethylene Glycol
medium
0.25 wt. % NH4F, 2 vol. %
DI Water in Ethylene Glycol
Medium

Voltage (V) Time (min)
20
20
30
40

45
60
60
60

30

180
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2.2.1.2 Doping Methods

Different doping methods were investigated to incorporate iron and silver into nanotubes.
Cp-Ti was used for all the doping methods and TiO2 nanotubes were formed with condition A
(TiNT).
Immersion Method:
After preparing the TiO2 nanotubes, the Fe was doped by immersion method [101]. Two
concentrations (0.015 and 0.03 M) of Iron (III) nitrate nonahydrate were used for doping method.
The prepared solution with iron nitrate and DI water was continuously stirred for 2 h by
maintaining the temperature at 35 °C. The anodized sample was immersed in the solution for 24 h
at room temperature. Then the samples were dried at 60 °C for 2 h and washed gently with DI
water. To get the Fe-doped TiO2 nanotubes, the samples were annealed at 300 °C for 2 h.
Single-Step Anodization Method:
Iron-Doped Samples
Electrochemical anodization was performed with the polished titanium sample as anode
and a platinum foil as cathode were connected to a power supply and suspended in a beaker
containing different conditions (Table 4). Samples were then rinsed with DI water and dried in air.
After anodization, samples were heated at 450 °C for 2 h with heating and cooling rates of 5
°C/min.
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Table 4: Different conditions and anodization parameters for Fe doping.

Condition Electrolyte
1
2
3

1 vol. % HF & 0.015 M FeNO3.9H2O in
DI water
1 vol. % HF & 0.03 M FeNO3.9H2O in DI
water
1 vol. % HF, 0.5 wt. % NH4F, 10 vol. %
DI water and 0.015 M FeNO3.9H2O in
Ethylene Glycol medium

Voltage (V)

Time (min)

20

45

20

45

40

60

Silver-Doped Samples
The procedure to prepare Ag-doped TiO2 nanotubes was similar to iron-doped samples but
with different compositions and conditions as indicted in Table 5. After anodization, the samples
were rinsed with DI water and air dried.
Table 5: Different conditions and anodization parameters for silver-doped samples.

Condition Electrolyte

Voltage (V)

Time (min)

1

1 vol. % HF & 0.6 g AgNO3 in DI water

20

45

2

1 vol. % HF & 0.1 g AgNO3 in DI water

20

45

3

1 vol. % HF & 0.02 g AgNO3 in DI water

20

45

4

1 vol. % HF & 0.01 g AgNO3 in DI water

20

45

Physical Vapor Deposition:
Fe deposition on TiNT samples was carried out in a vacuum chamber equipped with an ebeam evaporator (Temescal BJD-1800). Fe was placed in a crucible as the target and the Ti
samples were kept at a distance of about 15 inches from it. To evacuate the chamber and attain the
vacuum level of 2 x10-6 torr it took 2 hr. The deposition time was varied from 3s to 300 s to
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achieve the Fe coating with thicknesses of 15 to 1500 Å. Upon completion of process, samples
were naturally cooled in the vacuum chamber.
Surface morphology was evaluated using field emission scanning electron microscope
(FESEM, Hitachi model S4500) and elemental analysis was carried out using energy dispersive
spectroscopy (EDS, Oxford Instruments).
2.2.2

Mechanical Testing

The surface topography of the Ti, TiNT and Fe-TiNT was observed using white-light
interferometer, and the surface roughness factor (Ra) for scan area of 1 mm x 1 mm was measured.
Nanoindentation test was performed using nanoindentation-tribotesting system (NanoTest 600,
Micro Materials Ltd, UK) with a load resolution of 0.1 μN, displacement resolution of 0.1 nm and
Berkovich indenter as the indenter tip. Testing was carried out at room temperature at different
applied loads (20, 40, 60, 80 and 100 mN) with a loading/unloading time of 30s and peak hold
time of 10s. To see the effect of applied loads, different loading conditions were considered.
Sixteen indentations were performed for each applied load at different locations. Load and depth
curves were recorded during the indentation to calculate elastic modulus E and hardness H using
the Oliver–Pharr method.
The same nanoindentation-tribotesting system (NanoTest 600, Micro Materials Ltd, UK)
was used for nanoscratch test. A steel spherical tip with a diameter of 250 μm was used for the
experiment. The tests were carried out at room temperature at a speed of 1 μm/s for a distance of
250 μm, with an applied load ranging from of 5 to 100 mN and for each applied load three times
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of test was repeated. Coefficient of friction of each sample was investigated using the data from
this test.

2.2.3

Cell Culture

2.2.3.1 In vitro BMSC Cell Culture

The human bone marrow-derived mesenchymal stromal cell line Saka-T was generously
provided by Dr. David Roodman (University of Pittsburgh, PA). Cells were cultured in MEM-
supplemented with 10% fetal bovine serum (FBS) and antibiotics/antimycotics (anti-anti). Cells
were used for experiments when they reached approximately 80-90% confluency. The samples Ti,
Ti-NT, Ti64 and Ti64-NT were sterilized using an autoclave and then were transferred to 24-well
plate (one sample per well), and BMSC cells were seeded on top of each sample followed by
culturing in the presence of additional cell culture media. All experiments were conducted at 37
°C in the presence of CO2.
Assessment of Cell Proliferation Using XTT Assay
Cells were seeded at density of 25x103 and 1x106 to each Ti disc in triplicate wells in 24well plate for proliferation assay and qRT-PCR, respectively. Cells were allowed to adhere for
approximately 30 minutes and 400 µl of media were carefully added from the side of each well
followed by incubation at 37 °C. After three days, cell culture media was removed and 700 µl of
DPBS were used to carefully wash cells without disturbing cells. Ti discs was then placed into a
new 24-well plate and 400 µl of DPBS were added to each well, followed by 100 µl of XTT
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working solution (Trevigen, Gaithersburg, MD) added to each well and incubated at 37 °C for 3
hours, followed by data acquisition on an Epoch plate reader (BioTek, Winooski, VT).
Assessment of Gene Expression

For qRT-PCR, 1x106 cells were used for each Ti disc in triplicate wells in a 24-well plate
as indicated above. After 24 hours, cell culture media was aspirated, and cells were lysed using 1
ml TRIzol reagent (Life Technologies, Grand Island, NY). Total RNA was isolated following
manufacturer’s protocol. Reverse transcription reactions were conducted using Moloney murine
leukemia virus (M-MLV) reverse transcriptase (Promega, Madison, WI) and qRT-PCR was
performed using a ViiA7 real-time PCR instrument (Life Technologies, Grand Island, NY). To
quantify gene expression, GAPDH was used as a housekeeping gene and the following primers
were

used:

GAPDH,

5’-CTCGACTTCAACAGCGACA-

3’

(forward)

and

5’-

GTAGCCAAATTCGTTGTCATACC-3’ (revers); IL-6, 5’-TCCAAAGATGTAGCCGCCC-3’
(forward)

and

5’-CAGTGCCTCTTTGCTGCTTTC-3’

(reverse);

GLI2,

5’-

CTCCGAGAAGCAAGAAGCCA- 3’ (forward) and 5’-GATGCTGCGGCACTCCTT- 3’
(revers)

and

CD40L,

5’-AACATCTGTGTTACAGTGGGCT-

3’

(forward)

and

5’-

AACGGTCAGCTGTTTCCCAT- 3’ (revers).
Cell Morphology

Cell morphology was examined using FESEM. After three days of culture, samples were
removed from culture and fixed with 2% paraformaldehyde/2% glutaraldehyde in 0.1 M phosphate
buffer overnight at 4 ºC. Samples were rinsed with 0.1 M phosphate buffer (that had reached room
temperature) three times (each time for 10 min), followed by fixation with 2 % osmium tetroxide
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(OsO4) for 2 h at room temperature. Samples were then rinsed again with 0.1 M phohsphate buffer
(three times, each time 10 min) and dehydrated in ethanol series (30, 50, 70, 95, and 100 %; three
times for 100 % ethanol), followed by dehydration using hexamethyldisilane (HDMS).
2.2.3.2 In vitro Osteosarcoma Cell Culture

Human osteosarcoma cells (MG-63) was purchased from ATCC (Manassas, VA) and
cultured in Eagle’s minimum essential medium (EMEM) supplemented with 10 % heat-inactivated
fetal bovine serum (FBS) according to the ATCC recommended protocol. Upon 80% confluency,
cells were detached using trypsin-EDTA and resuspended in fresh growth medium. Prior to cell
seeding, samples were autoclaved at 120 ℃ for 60 min and then samples Ti, TiNT and Fe-TiNT
were moved to a 24-well plate (one sample per well) under sterilized conditions. MG-63 cells were
seeded on the top of each sample, followed by cell culture media and incubated at 37 °C in the
presence of CO2.
Assessment of Cell Proliferation Using MTT Assay
MG-63 cells were seeded at density of 25x103 cells to each sample in triplicate wells in a
24-well plate for proliferation assay. Cells were allowed to adhere and 500 µl of media were
carefully added from the side of each well followed by incubation at 37 °C in the presence of 5%
CO2 and media was replaced every three days. After three or six days cell culture media was
removed and DPBS was used to carefully wash cells without disturbing cells. Samples were moved
into a new 24-well plate and 100 µl of MTT working solution, followed by 900 µl of media added
to each well and incubated at 37 °C for 100 min, followed by data acquisition on an Epoch plate
reader (BioTek, Winooski, VT).
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2.2.3.3 Statistical Analysis

A one-way analysis of variance (ANOVA) was used to analyze data. A p value <0.05 was
considered significant. Statistical analysis was performed using GraphPad Prism software.
2.3

2.3.1

Results and Discussion

Surface Characterization

2.3.1.1 Anodization Conditions

We first examined the surface morphology of the anodized Cp-Ti samples (Fig. 10a-e).
Using the HF in aqueous electrolyte for 45 min (Fig 10a) results in completely uniform nanotubes
through the surface with a diameter of  100 ± 10 nm and increasing the time to 60 min did not
affect the morphology (Fig. 10b). When we increased the voltage to 30 V, random porous
structures were formed (Fig. 10c). Furthermore, nanotubes with broken structures were formed
when a mixture of NH4F and HF in an organic medium was used (Fig. 10d). However, nanograsslike tubular structure was obtained in the presence of NH4F as the only fluoride ion source in
ethylene glycol medium (Fig. 10e). Nanograss are close-packed clusters of nanotubes at the top of
nanotubes [102].
Next, we examined the effects of anodization parameters in Ti64 samples (Figures 10f-j).
As Figures 10f and 10g illustrate, nanotubes were not completely formed in aqueous electrolytes.
While nanotubes had non-uniform structure at lower voltage and anodization time, a randomly
porous structure was obtained in higher voltage and time (Fig. 10h). However, uniform nanotubes
on Ti64 samples with diameter of 100 ± 15 nm were achieved using a combination of HF and
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NH4F in ethylene glycol (Fig. 10i). As shown in Fig. 10j, the absence of HF and extended duration
time resulted in the formation of nanograss. Taken together, these results indicate that successful
anodization process and uniform nanotube formation depend not only on the anodization
parameters but also on Ti substrate composition. This is in line with the literature where formation
of nanotubes was confirmed on IMI834 titanium alloy using H3PO4+HF electrolyte, whereas no
nanotube was found on pure titanium and Ti64 substrates using the same anodization condition
[103]. Regardless of composition, the presence of fluoride ions is crucial for the growth of TiO2
nanotubes, as F- helps in chemical dissolution of the oxide layer. In addition to F- , water content
and viscosity of EG alter nanotube formation as they alter the rate of oxidation and diffusion of
ions in the electrolyte, respectively [104,105].
From the results, the optimized anodization conditions for nanotube formation on Cp-Ti
and Ti64 are A and D respectively and from now on are referred to as TiNT and Ti64NT.
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Figure 10: SEM images of Cp-Ti & Ti-6Al-4V for conditions A-E.
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2.3.1.2 Doping Methods

Immersion Method:
Immersion method is a two-step process where the TiO2 nanotubes were prepared by
anodization and then samples were immersed in iron nitrate solution to achieve Fe-doped
nanotubes. Two concentrations, 0.015 and 0.03 M, were selected for Fe doping using immersion
method and the respective SEM images are shown in Figure 11. It was observed from the images
that the Fe deposited partially filled the pores of the nanotubes with both the concentrations. EDS
was used to verify the presence of Fe and the results are shown in Figure 12. Our results show that
the amount of iron doped into nanotubes depends on the concentration of the solution.

Figure 11: SEM images of Fe-doped samples with different concentrations. (a) 0.015 M, (b) 0.03 M.

35

Figure 12: EDS of Fe-doped samples with different concentrations. (a) 0.015 M, (b) 0.03 M.

Single-Step Anodization Method:
Iron-Doped Samples
Figure 13 (a), (b) show the surface morphology of the nanotubes formed in conditions 1
and 2 respectively see (Table 4) and then heat treated for 2 h at 450 °C. There was no significant
change in the morphology observed with both concentrations, and EDS was performed to verify
the presence of Fe. The results from EDS (Figure 14) show that Fe was not doped into nanotubes.
In order to see the effect of electrolyte, anodization was performed with condition 3 see (Table 4).
The surface morphology is show in Figure 13 (c) and no change was detected. EDS results (Figure
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14) confirmed that there was no Fe on the samples. Our results show that Fe-doping cannot be
achieved by single-step anodization with the above mentioned parameters.

Figure 13: SEM images with different conditions. (a) condition 1, (b) condition 2, (c) condition 3.

Figure 14: EDS of samples with different conditions. (a) condition 1, (b) condition 2, (c) condition 3.
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Silver-Doped Samples
Ag-doped nanotubes were formed initially using the condition 1 indicated in Table 5.
However, the surface morphology (Figure 15 a) and EDS (Figure 16 a) show the presence of huge
particles and high concentration of the silver. Silver in controlled amounts is not toxic to cells or
tissues but at higher concentrations it shows cytotoxicity [106]. So, to reduce the concentration of
silver other conditions 2-4; (see Table 5) were selected by reducing the silver nitrate concentration.
From the SEM and EDS results a decreasing trend was noticed with both particles and
concentration of silver doped on nanotubes when the silver nitrate concentration in the electrolyte
was reduced. From the results, condition 4 was considered to be optimum parameters to achieve
Ag-doped TiO2 nanotubes.

Figure 15: SEM images of Ag-doped nanotubes for conditions 1-4, respectively.
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Figure 16: EDS of Ag-doped nanotubes for conditions 1-4, respectively.

Physical Vapor Deposition:
Figure 17a shows the surface morphology of the TiNT samples. Uniform nanotubes with
inner and outer diameter of ~70 ± 10 nm and ~100 ± 10 nm, respectively, were formed throughout
the samples without noticeable disruption in structure. Morphology of samples after Fe deposition
with various thicknesses using PVD is presented in Figures 17b-h. It was observed that increasing
the thickness of Fe coating reduced the inner diameter and filled the outer pores between the
nanotubes. Coatings with thicknesses of 15 Å and 50 Å were not uniform, whereas increasing the
deposition and thickness of coating from 150 Å to 1500 Å covered the nanotubes in a gradual
manner where no nanotubular structure was detectable in 1500 Å coated. According to these
results, the nanotubes coated with 100 Å thickness of Fe coating (referred as Fe-TiNT from now
on) was considered to be optimum for Fe deposition as it retained the nanotube morphology and
was further used for mechanical and biological studies.
The nanotube morphology is important, as it plays a significant role in improving
mechanical stability and osseointegration [107–109]. The nanotubes were considered to have a
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non-uniform porosity at a nanoscale similar to that of natural bone. It was also reported that the
nanotube diameter influences cell adhesion and proliferation. However, the optimum nanotube size is
still controversial [110–113].

Figure 17: Morphology of a) anodized sample (TiNT) and b-h) Fe-deposited TiNT at different thicknesses.

2.3.2

Mechanical Properties

To understand the effects of anodization and Fe deposition on surface roughness, hardness,
and elastic modulus of Ti, a series of mechanical testing was performed. Figure 18 shows the
surface topography of Ti, TiNT, and Fe-TiNT. The average surface roughness of Ti, TiNT, and
Fe-TiNT was 21±0, 229±9, and 197±3 nm, respectively. TiNT showed higher surface roughness
as compared to Ti and Fe- TiNT samples.

.
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Figure 18: Surface topography of (a) untreated, (b)TiNT, and (c) Fe-TiNT.

The surface properties such as surface composition and surface roughness of an implant
play a significant role in cell attachment [114,115]. Surface roughness is one of the important
factors that can improve cellular response, adhesion, and proliferation [116]. The surface
roughness of TiNT and Fe-TiNT is much better and higher compared to that of the Ti sample,
which is expected due to the formation of a nanotube layer on Ti surface. The surface roughness
of Ti is very low, which shows that it has a smooth surface. However, the surface roughness of
TiNT is slightly higher than Fe-TiNT, which might be due to the incorporation of Fe into TiNT.
High surface roughness provides better adhesion and stability. This leads to good bonding between
implant and the bone, due to bone ingrowth in surface regularities [117]. It was found that the
range of surface roughness that can improve cell interaction with implant surface is from 10 nm to
10 µm [118,119].
Next a nanoindentation-tribotesting system was used to calculate the hardness and Young’s
modulus of the samples at different applied loads. Nanoindentation is a useful technique to
measure the hardness and Young’s modulus of thin coatings. Due to its precise and continuous
recording of load and displacement at nanoscale, it is very useful to measure the mechanical
properties of an unknown material by contacting it with a known material. It was found that the
measured values of both Young’s modulus and hardness depends on indenter tip and indentation
depth [120–122].
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Hardness of Ti, TiNT, and Fe-TiNT was between 1.5 to 2.5 GPa at different applied loads
(Figure 19a). At smaller loads the hardness of Ti sample was greater than that of TiNT and FeTiNT. However, at 100mN the hardness of TiNT is slightly higher than the other two samples. As
shown in Figure 19b, the Young’s modulus of TiNT is greater than Fe-TiNT and was in the range
of 128-138 GPa at different applied loads. Modulus of elasticity of Ti, 117-124 GPa, was the
lowest at all applied loads as compared to the other samples.
The hardness and Young’s modulus values of the Ti sample at different loads are in
agreement with Alves et al., who showed the hardness and elastic modulus of Ti surfaces are 2.58 ±
0.12 GPa and 127.25 ± 5.80 GPa respectively [123]. However, the high hardness and Young’s
modulus of TiNT and Fe-TiNT as shown in Figure 19 are due to substrate effect. Substrate effect
is common in nanoindentation of thin films and can be avoided by taking indentation depth less than
10% of the film thickness [124,125]. Many researchers have shown that the Young’s modulus of
titanium nanotubes is around 40 GPa, which is close to bone [126,127]. In this study the effect of
substrate on Young’s modulus and hardness was observed by applying different loads and indentation
depth beyond 10% of the film thickness. Young’s modulus and hardness of nanotubes increased with
indentation depth which is due to densification of nanotubes. Xu et al. explained the phenomenon of
densification as when a compressive force is applied to nanotubes with a Berkovich indenter; at
very small indentation depth the nanotubes bend elastically and with increase in indentation depth
they fracture, and finally, with further increase in indentation depth, the pieces that are fractured
gradually become packed which leads to densification [120].
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Figure 19: (a) Hardness and (b) modulus of elasticity of Ti, TiNT, and Fe-TiNT at different applied loads.

Nanoscratch test was performed to calculate coefficient of friction (COF) of Ti, TiNT, and
Fe-TiNT samples at different loads and the results are shown in Figure 20. COF can be calculated
from lateral load or friction divided by normal load. COF of all the samples increased gradually
with load and then attained a steady state. At a 5 mN load, the COF of Ti is much lower than TiNT
and Fe-TiNT. However, with increase in load, the COF of Fe-TiNT was higher than other the two
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samples. The higher COF of Fe-TiNT is due to incorporation of Fe into nanotubes, which suggests
high resistance to motion in Fe-TiNT compared to TiNT. This result also implies that Fe-TiNT has
high film adhesion strength compared to TiNT. However, there was no difference in COF between
Ti and TiNT samples at higher loads, which was in line with the findings of Tang et al. [128]. It
can be concluded from the results that better mechanical properties can be achieved by
incorporating iron into nanotubes.
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Figure 20: Coefficient of friction of Ti, TiNT, and Fe-TiNT at different applied loads.

2.3.3

Cell Culture

2.3.3.1 In vitro BMSC Cell Culture

We examined the effects of Ti substrate composition and presence of nanotubes (TiNT and
Ti64NT) on BMSC attachment, proliferation and inflammation. After three days of culture, the
morphology of BMSCs was examined using SEM (Figure 21). Regardless of composition and
surface treatment, we found that cells were well spread on Ti samples. In Ti and Ti64 samples,
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BMSCs showed both flat and round morphology. However, in the presence of nanotubes, BMSCs
showed flat cellular morphology that may be related to enhanced hydrophilicity in presence of
nanotubes [58]. Regardless of morphology, SEM images show the ability of BMSCs to attach to
both Ti and Ti64 in the presence and absence of nanotubes.

Figure 21: Cellular morphology on Ti substrates.

Upon investigating the effect of composition and surface treatment on cell proliferation,
we found a significant increase in BMSC proliferation on Ti64 compared with Cp-Ti (p=0.0027)
(Fig. 22a). However, the incorporation of nanotubes to Ti64 (Ti64NT) reduced the proliferation of
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BMSC compared with Ti64. This suggests that the incorporation of nanotubes may provide
therapeutic efficacy by promoting bone formation [129] but not BMSC growth (Fig 22a). It was
previously reported that the glioma-associated protein 2 (GLI2) is expressed by BMSCs and
modulates inflammatory genes [130–132]. Therefore, we examined the expression of GLI2 in
BMSCs grown on Ti substrates. We found a decrease in GLI2 expression by BMSCs grown on
TiNT compared with Ti (Fig. 22b), suggesting that downstream inflammatory genes may be
reduced. Although Ti64 induced BMSC growth, it resulted in a reduction in GLI2 expression (Fig.
22b). Furthermore, Ti64NT had a significantly lower GLI2 expression compared with Ti alone.
We have previously shown that GLI2 can regulate the expression of CD40 ligand (CD40L)
in BMSCs [130]. CD40L is a protein that is expressed on the surface of various cells, including
stromal cells [130], and plays a role in B-cell activation. Recruitment of B-cells and other immune
cells has been shown to promote early bone healing [133]. We found an increase in CD40L
expression in BMSCs grown on Ti64, but not Ti64NT (Fig 22c). This pattern of CD40L expression
is consistent with the pattern of cell proliferation shown in Fig. 22a. We also examined the
expression of the pleiotropic cytokine interleukin-6 (IL-6), which is regulated, in part, by GLI2
[131]. Although Ti64 induced BMSC proliferation, this did not increase IL-6 expression (Fig.
22d). Additionally, TiNT, but not Ti64NT, reduced IL-6 expression. These results suggest that
formation of well-organized nanotubes depends on titanium composition and anodization
parameters and Ti64NT may provide a benefit by maintaining IL-6 expression to allow an initial
inflammatory response to mediate healing while not inducing prolonged activation of other
immune cells. Taken together, for bone tissue engineering applications, the incorporation of NT
on Ti64 may be therapeutically beneficial by promoting osteoblast attachment [134], without
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inducing BMSC growth, while not altering the inflammatory response required to facilitate
healing.

Figure 22: a) Proliferation of Saka cells on Ti samples and qRT-PCR for b) GLI2, c) CD40L, and d) IL-6.

2.3.3.2 In vitro Osteosarcoma Cell Culture

Osteosarcoma cell interaction with the polished (Ti), anodized (TiNT) and iron-doped (FeTiNT) samples was studied. Proliferation of osteosarcoma cells on the samples was evaluated
using MTT assay (Figure 23). Cells were well attached to all the samples after three days. TiNT
enhanced the osteosarcoma cell proliferation compared to Ti and Fe-TiNT. However, presence of
Fe on TiO2 nanotubes decreased the osteosarcoma cell proliferation, which shows that
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incorporating iron into TiO2 nanotubes is suitable to control the osteosarcoma cell growth. The
same trend continued after six days, but the increase in the proliferation was noted on all the
samples indicating the cell growth.
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Figure 23: Osteosarcoma optical density at different time points on different samples.

2.4

Conclusion

In this study the effects of substrate composition, electrolyte, voltage and time of anodization
on the arrangement of nanotubes were investigated. We found that successful anodization process
and uniform nanotube formation depends not only on the anodization parameters but also on Ti
substrate composition. In addition, BMSC cell growth depends on both titanium composition and
nanotube presence, whereas BMSC cell proliferation was induced by Ti64 compared to Ti and
presence of nanotubes reduced the cell proliferation. The GLI2 expression of Ti64NT is less
compared to other samples, which suggests that Ti64NT may be beneficial by promoting
osteoblast attachment without altering inflammatory response.
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In addition, we found that incorporation of the dopant and the microstructure of the TiO2
nanotubes are affected by the thickness of the coating and optimized thickness for incorporating
iron into TiNT was 100 Å. We studied the effect of Fe - TiNT on the surface roughness, hardness,
and in vitro osteosarcoma-material interaction. Fe-TiNT has better mechanical properties
compared to TiNT and presence of Fe on TiO2 nanotubes decreased the osteosarcoma cell
proliferation which shows that incorporating iron into TiO2 nanotubes is suitable to control the
osteosarcoma cell growth.

CHAPTER 3 ALKALI AND HEAT TREATMENT

3.1

Introduction

In this chapter the research is focused on optimizing PVD and immersion method for doping
Fe in alkali-heat-treated samples. The effect of alkali concentration on surface morphology of
alkali-heat-treated samples was studied and optimized in my independent study. The procedure for
preparing alkali-heat-treated samples in this work was according to my previous study and from
now on these samples are referred as AHT. Similar to anodization work in Chapter 2, different
coating thicknesses on AHT samples were investigated and optimized (referred as Fe-AHT).
Mechanical tests were performed on Ti, AHT, and Fe-AHT samples to see their effect on surface
roughness, hardness and coefficient of friction.
3.2

3.2.1

Materials and Methods

Sample Preparation

Cp-Ti (President Titanium, Hanson, MA) samples with a diameter of 11 mm and thickness
of 2 mm were used for alkali and heat treatment (AHT). The samples were grinded using 320-800
grit silicon carbide papers, after which a MasterTex polishing cloth was used to polish the samples.
Samples were ultrasonically cleaned in DI water, ethanol, acetone and dried in air. Then the alkalitreated samples were prepared by immersing polished samples into 10 M NaOH solution at 60 °C
for 24 h. After alkali treatment, the samples were gently rinsed with DI water, ethanol and
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ultrasonically cleaned with DI water and then dried in air. The samples were heated to 600 °C for
1 h at a rate of 5 °C/min to prepare alkali-heat-treated samples.
After preparing alkali-heat-treated samples (AHT), immersion and PVD methods were
studied to achieve Fe doping. The procedure followed for both methods is similar to that mentioned
in Chapter 2. However, only 0.03 M iron (III) nitrate nonahydrate solution was used for immersion
method, and for PVD, the Fe coating thickness ranging from 50 to 1000 Å was investigated.
3.2.2

Mechanical Testing

Surface topography, nanoindentation and nanoscratch tests were performed on Ti, AHT, and
Fe-AHT samples with similar conditions that were mentioned in Chapter 2.
3.3

Results and Discussion

3.3.1

Surface Characterization

Physical Vapor Deposition:
The surface morphology of alkali-heat-treated samples (Figure 24a) is very close to bone
structure, which enhances protein adsorption, cell adhesion and proliferation and bone bonding
ability [135]. Figure 24 b-f shows the morphology of Fe-doped alkali-heat-treated samples with
various coating thicknesses. With coating thickness 50 Å and 100 Å there was no considerable
change in the morphology. However, from 200 Å to 1000 Å increase in the thickness of coatings,
Fe was deposited within the porous structure gradually, whereas the structure of the samples was
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totally changed when coated with 1000 Å. From this result, the optimum Fe coating thickness for
AHT samples is 500 Å (referred as Fe-AHT) and was used for mechanical testing and cell culture.

Figure 24 SEM images of AHT and iron-coated samples with various thickness.

Immersion Method:
Figure 25 shows the surface morphology and elemental analysis of Fe-doped alkali-heattreated samples by immersion method. The morphology of the Fe-doped samples formed by
immersion method is similar to alkali-heat-treated samples (Figure 24 a). The Fe concentration on
the AHT samples was found to be consistent and around  6%. These results show that immersion
method can be used to dope Fe into alkali-heat-treated samples without significant change in
morphology.
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Figure 25 Fe-doped alkali samples. (a) surface morphology, (b) elemental analysis.

3.3.2

Mechanical Testing

The surface topography of Ti, AHT, and Fe-AHT is shown in Figure 26 and the average
surface roughness was 21±0, 149±8, and 227±11 nm respectively. Increase in surface roughness
was achieved with both AHT and Fe-AHT samples, but the surface roughness of Fe-AHT is higher
compared to others. The Fe-AHT samples were coated with iron with a thickness of 500 nm, which
might be the reason for its high surface roughness. As previously mentioned, surface roughness is
an important factor that affects the adhesion, growth and differentiation of cells [136]. In addition,
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the porous network structure formed by the alkali treatment process can improve bone bonding
ability and cell interaction with implant surface [137].

Figure 26: Surface topography of (a) Ti, (b)AHT, and (c) Fe-AHT.

Figure 27 presents the hardness and Young’s modulus of Ti, AHT, and Fe-AHT. Hardness
of AHT was higher than the other two and is in the range of 3 to 4 Gpa at different loads. However,
the Young’s modulus of all the three substrates is in the same range between 108 – 125 Gpa, with
some small fluctuations. Our results show that surface modification of Ti by alkali and heat
treatment process improves the hardness, with the Young’s modulus being in the same range of
Ti. Increase in the hardness results in better corrosion resistance [138]. All the hardness and
Young’s modulus values at different loads are influenced by the substrate.
Next, nanoscratch test was carried out to calculate the coefficient of friction (Figure 28).
At all applied loads the AHT samples have higher COF than other samples. The COF of Fe-AHT
and AHT are in the same range of 0.24 – 0.27. This shows that AHT and Fe-AHT samples have
high film adhesion strength and high resistance to motion, which results in improved wear
resistance.
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Figure 27: (a) Hardness and (b) modulus of elasticity of Ti, AHT, and Fe-AHT at different applied loads.
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Figure 28: Coefficient of friction of Ti, AHT, and Fe-AHT at different applied loads.

3.4

Conclusion

In this work, effect of coating thickness on the surface morphology of alkali-heat-treated
samples was studied. The optimized coating thickness of iron on alkali-heat-treated samples was
found to be 500 Å. In addition, we found that AHT has both hardness and COF values slightly
higher than Fe-AHT samples. Our results show that there was no significant difference between
the AHT and Fe-AHT samples. Both the samples have better mechanical properties and have high
film adhesion strength, which results in increased wear resistance.

CHAPTER 4 SUMMARY AND FUTURE DIRECTION

4.1

Summary

Commercially pure titanium (Cp-Ti) and titanium alloy (Ti-6Al-4V) are widely used as
dental and orthopedics implants due to their biocompatibility, excellent corrosion resistance and
desired mechanical properties such as low Young’s modulus, low density and high strength. As
compared to Cp-Ti, Ti-6Al-4V has higher strength and lower density, which makes it a better
candidate for load-bearing applications such as total hip and knee replacement. However, their
bioinert nature and lack of osseointegration causes the formation of a fibrous capsule around the
titanium implants, and the resultant loosening of implant is a major concern in using them. This
would further cause the instability of the implant and severe pain for the patient and requires
revision surgery. Surface modification technique is a promising tool to improve the mechanical
attachment to bone and overcome the failure issue. Chemical methods such as alkali or acidic
treatment, electrochemical anodization, sol-gel deposition and anodic oxidation are the most
common routes to roughen the Ti surface. In addition to chemical methods, physical modification
techniques including thermal and plasma spraying, physical vapor deposition (PVD), ion
implantation and deposition improve wear, and corrosion resistance, and biological performance
of the implant. This research is focused on anodization, alkali treatment and PVD surface
modification methods.
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In this research anodization parameters were optimized to fabricate well-formed nanotubes
on both Cp-Ti and Ti6Al4V and their interaction with and without nanotubes on BMSC cell was
studied. Our results showed that BMSC cell proliferation depends on both titanium composition
and nanotube presence. Considering all the factors, it was shown that Ti64NT is beneficial in
enhancing cell attachment without inducing inflammatory response.
Next, different doping methods such as immersion, anodization and PVD were used to
incorporate iron into nanotubes and single-step anodization method was used to achieve Ag-doped
nanotubes. However, we showed that iron was not doped using single-step anodization method.
The remaining methods immersion (for iron) and anodization (for silver) were optimized by
varying different conditions. PVD method was optimized by varying the thickness of iron coating
ranging from 15-1500 Å, of which 100 Å was found to be optimum coating thickness (Fe-TiNT).
Three different types of samples were used: polished Ti (Ti), anodized Ti where a layer of TiO2
nanotubes was formed (TiNT), and Fe-deposited TiNT (Fe-TiNT) to see the effect on mechanical
properties and their interaction with osteosarcoma cells. Fe-TiNT showed better mechanical
properties compared to TiNT and the presence of Fe on TiO2 nanotubes decreased the
osteosarcoma cell proliferation, which shows that incorporating iron into TiO2 nanotubes is
suitable to control the osteosarcoma cell growth.
Next, PVD method was used to incorporate Fe into porous network structure formed by
alkali heat treatment. Coating thickness ranging from 50 to 1000 Å were used and their effect on
surface morphology was studied. Five hundred angstrom thickness was considered to be optimum
thickness for AHT samples. Finally, mechanical properties of polished, alkali-heat-treated (AHT)
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and Fe-doped AHT were studied and we found that both AHT and Fe-AHT have better mechanical
properties.
4.2

Future Direction

1. Continued research on surface modification of titanium is recommended. Though Fe-TiNT,
AHT, and Fe-AHT showed increase in wear resistance, further investigation is necessary to
study the effect of these surfaces in cyclic loading conditions.
2. Due to the promising results that were achieved in in vitro test of osteosarcoma cells with FeTiNT. in vivo interaction can be studied.
3. In vitro study to see the effect of antimicrobial effect of Ag-doped samples is recommended.
4. To investigate the effects of Ti, AHT, and Fe-AHT with cellular interaction, an in vitro test
can be studied.
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